Abstract During the 2016 field season, we investigated the influence of intense nest digging predation at a Sand Martin colony that is situated in natural habitat along the Tisza river. Over this season, foxes dug a large number of holes which either partly or fully destroyed 39% of burrows in a large co lo ny, comprising over 1,500 pairs. This high level of predation caused death and/or injury to between 7% and 44% of breeding individuals and lowered the reproductive success of the colony as on average 20% (between 5% and 43%) less nestlings were fledged. The level of digging showed a negative exponential growth with burrow density. Our observations show that the burrows were most at threat between 0 m and 0.4 m from the top and between 0 m and 1.4 m from the bottom of the wall. These observations show that it is critically important to decrease the number of foxes and other potential nest predators, whose numbers have increased well above 'na tu ral' levels over the last decade, in regions where Sand Martins are nesting as this species is in drastic decline.
Introduction
Populations of Sand Martin (Riparia riparia) breeding along the Tisza river in Hungary have experienced sharp declines over recent decades (mean annual population growth rates: 2.7% over the period between 1986 and 2014, T. Szép unpublished data), a pattern that is also seen in the case of other Hungarian long distance migratory bird species (Szép et al. 2012) . A variety of processes are thought to underlie the declines of Afro-Palaearctic migrant species in distant areas (Vickery et al. 2014) . Sand Martin, for example, breeds in large colonies in eastern Hungary (Szép 1991) and an increasing subsection of this population has formed a massive breeding co lo ny exceeding 1,000 pairs over the last decade (T. Szép, unpublished data) . In 2016, however, our field teams encountered large numbers of holes dug by predators within the largest colony, a river area where ca. 55% of the entire population of the river was breeding.
In the case of Sand Martin, a number of detailed studies are available that have addressed degree of aerial predation (Szép & Barta 1992 , Probst et al. 2011 , with emphasis on Hobby (Falco subbuteo), the most important aerial predator (Mead & Pepler 1975) . In terms of groundbased predators (Mead & Pepler 1975) , Fox (Vulpes vulpes) and Badger (Meles meles) are the main candidates responsible for 'digging predation' of Sand Martin burrows; indeed, Persson (1987) recorded high levels of nest predation by badger in Sweden with 25% of nests destroyed.
In this report, we discuss the number of Sand Martin burrows that were destroyed either partly or fully by this kind of nest predation in the Tisza river colony during 2016, how the level of this predation depend on the density of the burrows in the walls, which kind of burrows and which where the most threatened, and what could be the influence of predation on breeding individuals and their reproductive success.
Material and methods
The Sand Martin is an aerial insectivorous bird, which usually digs new burrows after its arrival back to breeding areas in the spring in perpendicular walls of soil formed naturally (e.g. rivers) or artificially by humans (e.g. sand pits) (Cramp 1988) . Each burrow comprises a 30-70 cm long tunnel with a nest chamber at the end.
In this study, we investigated the largest Sand Martin colony along the river Tisza at Szabolcs (48.188° N, 21.488°) during the breeding season (between middle April -beginning of August), 2016. This colony was situated along a 540 m long river bank, formed naturally by the flood of the river during the preceding winter. We followed the formation of the colony by taking digital pictures (Panasonic FZ1000) from the front of the colony at 6 m long sections along the river (90 sections in all, marked with numbered peg on the top of the bank), twice a week, and we counted Sand Martin burrows and measured the height of the perpendicular part of the river bank along the 6 m sections from these pictures using ImageJ software (Schneider et al. 2012) . In this way, we used the daily counts of Sand Martin burrows in the studied sections to identify the number of destroyed burrows resulting from na tu ral falls of river banks following heavy rain.
In terms of predators that operate on the ground, we identified Badger, Fox, Weasel (Mustela nivalis), Stoat (Mustela ermine), Brown Rat (Rattus norvegicus) and Domestic Cat (Felis silvestris catus) (Mead & Pepler 1975 , Persson 1987 as potential Sand Martin predators. Indeed, in the context of our integrated monitoring of the Tisza river colony (Szép et al. 2003) , we also encountered additional predators including Beech Marten (Martes foina) and Wildcat (Felis silvestris) (Szép T. unpublished) . However, at this colony, on the basis of footprints and smells, it is clear that foxes carried out predominant digging into nesting holes, although we were unable to estimate the number of predators.
We were able to identify and count the number of holes dug by nest predators in our studied sections in the river bank front using pictures because the size and shape of holes and burrow entrances affected by predation are very different from normal Sand Martin burrows. Indeed, nest predators also dig into chambers from the top of the bank, an angle which was invisible from our pictures. We surveyed these holes along the top of the colony surveying 6 m long sections on 11 th of July 2016 (subsequent to fledging of the first Sand Martin clutches). As a pilot experiment to protect burrows, we covered the top of one 6 m long section of the colony with a 1 m wide metal net before the colonization of this section in April and found that no Sand Martin burrows were dug by predators from the top in this section.
We then randomly selected eight subcolonies along the Szabolcs colony situated in 1-6 m wide parts of the banks (1 m: 1 piece, 2 m: 5 pieces, 6 m: 2 pieces), where every burrows were numbered (551 burrows) and investigated weekly with a digital endoscope (Olympus IPLEX LX videoscope) to follow breeding history of the first and additional/second clutches in the burrows (i.e. start of egg laying, clutch size, hatching, number of nestlings before fledging at the age of 15-18 days, evidence of nest predation). We measured the distance of these burrows from the top and bottom of the perpendicular part of river bank from pictures. In the case of these intensively studied sections, we directly investigated the holes dug by predators in the front and top of the subcolonies.
We used parametric and nonparametric statistical tests depending on the distribution of the data using SPSS 18.0 (Norris et al. 2012) . We modeled the of digging predation and burrow density with negative exponential growth models (Bates & Watts 1988) , using the nls () function of the R statistical software (R Core Team 2015).
Results

Sand Martin burrows and holes dug by predators in the colony
Across the studied colony, 2,776 burrows were made by Sand Martins in 2016. The birds started digging on the 23 rd of April and the first 10% of burrows were complete by the 1 st of May, the first 50% by the 16 th of May, and the first 90% by the 3 rd of June ( Figure  1 ). Burrows were dug into 50 separate 6 m long sections (mean number of burrow/section=55.32, SD=49.044, median=30, minimum=2, maximum=206, n=50). The density of Sand Martin burrows varied between 0.81-17.04 burrows/m 2 (mean=5.591, SD=4.267, median=4.3, n=45).
Following days with heavy rain and partial predator digging activities, 1,603 burrows had collapsed by falling down the river banks by August; by the beginning of July (the end of the first clutch fledging period), 991 burrows had disappeared (36% of all burrows).
We identified 280 holes that were dug by predators in front of the colony during the breeding season. (Figure 1 ). This kind of nest predation occurred at 35 pieces of 6 m long sections from the 45 sections where incubation/ nestling rearing digging were possible (5 sections there were only burrow digging) and our analysis demonstrates a significant positive correlation between the number of holes dug at the front of the colony and the density of the burrows in the section (r=0.698, n=45, P<0.001, Spearman rank correlation).
We identified 128 holes dug from the top of the colony by predators during the breeding season up until the end of the fledging of the first clutches. This kind of predation occurred in 23 distinct 6 m long sections, and there was a significant positive correlation between the holes dug from the top and the density of burrows in the section (r=0.671, n=45, P<0.001, Spearman rank correlation).
Considering both kind of nest predation (dug from front and top direction), the number of dug holes increased with the density of burrows (Figure 2) . The fitted negative exponential model: (the standard errors and the pvalues of the estimated parameters are: SE=3.49 (p=0.1088), SE=3.09 (p < 0.0001), SE=0.09 (p=0.0394), respectively. The estimated maximum number of holes is about 21/section.
Breeding and predation in intensively studied subcolonies
The number of burrows in the eight subcolonies we studied comprised 18.4% of the entire colony. In these subcolonies, digging started on the 23 rd of April, and the first 10% of all burrows were completed by the 25 th of April, the first 50% by the 9 th of May, and the first 90% by the 20 th of June (Figure 1) . The arrival of birds to these subcolonies was about one week earlier than the rest of the colony.
We investigated all burrows in these eight subcolonies with an endoscope and determine that eggs were laid in 311 burrows, 60.9% of the total (95% CI: 56.6%-65.1%) 511 burrows. The level of burrow occupancy was simi lar to previously reported, at 60% (Szép 1990) , while the level of burrow disappearance by river bank collapse (34.6%, 177 burrows) was similar as in the colony during the rearing of the first clutches.
Egg laying started on the 9 th of May (median: 19 th of May) and by the 25 th of May eggs had been laid in 90% of nests (n=208) (Figure 1 ). Of these, 66.9% hatched, starting on the 27 th of May (median: 4 th of June), and by the 24 th of June hatching has commenced in 90% of all nests (n = 208). Nestlings reached 15-18 days old in 50.5% (n=157) of nests that contained eggs; fledging started on the 16 th of June (median: 24 th of June), and by the 11 th of July young in 90% of nests had fledged. In the eight subcolonies, 26 holes were dug by predators from the front of the colony. These 26 holes destroyed partly/fully 76 Sand Martin burrows (mean value: 2.923 burrows/ dug holes from front; 95% CI: 2.228-4.247). In these cases, predation started on the 30 th of May, and 50% of the partly/fully destroyed burrows were dug until the 13 th of June while by the 5 th of July 90% had been dug by predators. This kind of predation occurred mainly during the pairing, incubation and hatching periods. Breeding adults were potentially influenced (killed/injured and/or breeding were abandoned) in 43.4% of these nests, incubating adults and eggs were killed/destroyed in 7.9% and nestlings were killed 21.1% of the nests. There were successful breeding only in 10.5% of these nests (in 17.1% of these nests the influence was not identifiable).
In two subcolonies, we were able to examine the number of holes dug in total by predators from the top of the colony (15 holes) as well as the number of Sand Martin burrows destroyed either partly or fully by this predation (31 burrows) and found that the mean value was 2.067 burrows/dug holes from top (95% CI: 1.516-3.247). Across the eight subcolonies, 38 nests in total were dug from the top of the colony. This predation started on 9 th of May, and by the 20 th of June 50% of the partly/fully destroyed burrows had been dug, while by the 10 th of July 90% had been dug by the predators. This kind of predation occurred mainly during the periods of nestling rearing; nestlings were killed in 42.1% of nests, breeding adults were potentially influenced (killed/injured and/or breeding were abandoned) in 15.8% of these nests, and in none of these nests the nestlings were able to reach fledging age (0%) during the first clutch period (in 26.3% of nests predation occurred during the period of additional/second clutches and the influence was not identifiable in a further 15.8% of nests).
Distance of burrows from the top and bottom of the perpendicular part of the river bank was significantly different among burrows predated from front or top of the colony and burrows that lacked nest predation (i.e. distance from the top of the bank: F=119.329, df=2, 105.425, P<0.001; distance from the bottom of the bank: F=24.072, df=2, 92.829, P<0.001, Welch robust test of equality of means) ( Table 1 ). Burrows predated from the top of the wall were mainly situated in the top 0.4 m wide layer (90%) ( Table 1) , while those predated from the front of the colony were situated in the lower layer but across a wider range from the bottom of the wall with 90% between 0-1.4 m ( Table 1) .
Of the 551 burrows we investigated, 140 (25.4%) contained nestlings, and the mean number of nestlings before the fledging (at 15-18 days old) was 1.02 nestlings/burrow (SD=1.741, n=551). The number of burrows dug partly/fully by predators was 114, 20.7% of all studied burrows, and in these there was a significantly lower number of fledged nestlings (mean=0.605, SD=1.520, n = 114) than in burrows that did not experience this kind of predations (mean=1.124, SD=1.780, n=437) (mean difference=0.518, SD=0.166, 95% CI: 0.193-0.843, t=3.124, df=201.561, P=0.002, Welch test).
Estimated influence of nest predators on the colony
The estimated mean number of burrows dug by predators was 1,083 (minimum=818, maxi mum=1,605) based of the mean number of burrows influenced by holes dug from the front and top of the colony (95% CI). In the colony, 39% (minimum=29.5%, maximum=57.8%) of the 2,776 burrows suffered because of digging predation, and the number of fledged Distance from the top and bottom of the wall of predated (dug from the front of the colony and from the top of the colony) and unpredated burrows in the eight intensively studied Sand Martin subcolonies at Szabolcs in 2016 1. táblázat A kiásásos ragadozás által érintett és nem érintett partifecske üregek távolsága a partfal tetejétől és aljától az intenzíven vizsgált 8 teleprészleten, a Szabolcs térségében lévő telepen 2016-ban (Átlag, medián, szórás és mintaszám megadva a nem kiásott, a partfal oldaláról és a partfal tetejéről kiásott üregek esetében)
nestlings was lower at an average of 561 individuals (minimum=158, maximum=1,354), taking into account mean differences between predated and not predated burrows. Thus, the estimated number of lost nestlings is around 20% (minimum=5%, maximum=43%) of the potential total number of fledged nestlings in the colony (ca. 3,100 nestlings) estimated to be present if nest predation had not occurred. Our results show that this kind of predation causes death or serious injury to breeding birds in 15-43% of burrows dug by predators. The estimated number of adult individuals affected by predation of this kind was between 245 and 1,380 birds, 7-44% of the total number of individuals out of an estimated 1,691 (minimum=1,571, maximum=1,807) total breeding pairs in the colony.
Discussion
Nest predation by foxes digging into Sand Martin burrows reached a very high level in 2016, affecting 39% of burrows in a colony with 1,500 breeding pairs of birds. This high level of predation caused death or injury to 7-44% of the breeding individuals and led to a lower level of reproduction in the colony as an average of 20% (5-43%) less nestlings fledged.
The threat of digging predation from the top of colony is higher because it affects nests containing nestlings; no fledging was possible from nests predated in this way. However, in the case of burrows dug from the front of the colony, we did find found nests containing fledged nestlings as this kind of predation mostly threatens breeding adults during the pairing and incubation periods.
The level of digging predation increased with density of the burrows, but when higher than a specific density level (ca. 8 burrows/m 2 ) the number of holes dug by predators did not increase in accordance with the dilution effect (Foster & Treherne 1981) . However in the case of large density of burrows, one hole dug by predators could harm more burrows, which needs to be considered as well when potential of dilution effect expected to reduce predation threat.
Distance of burrows from both the top and bottom of the perpendicular part of the wall is an important factor determining threat from digging predation. Our results show that the positions most at threat are the 0-0.4 m layer from the top of the wall, because of the predation from the top of the colony and -the 0-1.4 m layer from the bottom of the wall, because of the predation from the front of the colony. Breeding walls with the minimum 2 m perpendicular height could provide more safe position for burrows against digging predation, however the chance of falling the breeding wall after heavy rains increase with the height of the wall, depending on the type of soil (Szép T. pers. obs.) , which need to consider when breeding habitats prepared artificially for Sand Martin colonies.
Reducing the threat of nest predation is very important in the case of this species which po pu lation shows drastic decline. To decrease the numbers of Foxes and other potential nest predators (e.g. Beech Marten, Badger) which numbers increased above the former "natural" level during the last decade in the area of Sand Martin colonies, especially around large colo nies is very important. The use and development of mechanical protection for Sand Martin burrows against digging (e.g. covering the top and front part of the colony with metal net with proper mesh size) and developing chemical protection with natural compounds (e.g. capsaicin) (Baylis et al. 2012) for deterring predators are necessary as well for the protection of large colonies.
